ABSTRACT
Introduction
The Galactic center hosts a young population of stars centered on the strong radio source Sgr A* which coincides with a 4×10 6 M ⊙ black hole (Reid and Brunthaler 2004; Ghez et al. 2008; Gillessen et al. 2009 ). The young stellar cluster lies within 1 and 10 ′′ (0.039-0.39 pc) of Sgr A* and consists of about one hundred young massive OB and WR stars (Paumard et al. 2006; Lu et al. 2009 ).
The region within 20
′′ of Sgr A* shows a number of infrared excess sources (Viehmann et al. 2006; Muzic et al. 2008; Eckart et al. 2013) . Some of these dusty sources are hot, young stars interacting with the interstellar medium and creating bow-shock structures. Another group of infrared excess stars have partially resolved radio continuum counterparts and are interpreted as massive young stellar objects (YSOs) irradiated by the strong UV emission from the central stellar cluster (Yusef-Zadeh et al. 2014) . Another indicator of star formation is the SiO (5-4) line emission from a dozen unresolved sources within 0.5 pc of Sgr A* (YusefZadeh et al. 2013 ). These may be highly embedded protostellar outflows, signifying an early phase of star formation near Sgr A* in the last 10 4 − 10 5 years (Yusef-Zadeh et al. 2013 ).
A number of recent studies support in-situ star formation near Sgr A* as the origin of massive stars in the last few million years (e.g., Genzel et al. 2010 ). In the disk of the Galaxy, circumstellar disks associated with low mass stars are expected to survive their hostile massive star formation environments. A number of circumstellar disks associated with low mass stars show cometary appearance and have been identified as proplyds (protoplanetary disks) in young star forming regions such as the Orion Nebula Cluster (ONC; O'Dell & Wen 1994), Carina Nebula (Smith et al. 2005 ) and the Trifid Nebula (Yusef-Zadeh et al. 2005) . The proplyds of the ONC are photoevaporated and photoionized by the UV radiation from θ 1 Ori C and generally exhibit bow shock structures (Johnstone, Hollenback & Bally 1998; Störzer & Hollenbach 1998 ).
We present radio continuum observations within 30 ′′ of Sgr A* and report the detection of 44 radio continuum sources in 2 groupings 15 ′′ and 20 ′′ NE of Sgr A*. Our 34 GHz observations reveal partially resolved sources with typical sizes of a few hundred AU at the 8 kpc distance to the Galactic center. In analogy with the proplyds found in the ONC, we interpret these radio continuum sources as proplyd candidates that are photoionized and photoevaporated by the radiation emitted by massive OB and WR stars near Sgr A*. The upper limits to the infrared flux from the Galactic center proplyd candidates are consistent with gaseous disks orbiting low mass stars at a projected distance of 0.6 − 0.8 pc from Sgr A*.
Observations and Data Reduction
Radio continuum observations were carried out with the Karl G. Jansky Very Large Array (VLA) 1 in its A-configuration at 34.5 GHz on March 9, 2014 (14A-232). We observed a field of view with a radius of 39 ′′ centered on Sgr A* in Ka-band (8.7 mm) using the 3-bit sampler system, which provided full polarization correlations in 4 basebands, each 2 GHz wide, centered at 31.5, 33.5, 35.5 and 37.5 GHz. Each baseband was composed of 16 subbands 128 MHz wide. Each subband was comprised of 64 channels, each 2 MHz wide. We used 3C286 to calibrate the flux density scale and used both 3C286 and J1733-1304 (aka NRAO530) to calibrate the bandpass. We used J1744-3116 to calibrate the complex gains. The constructed image is of the 30 ′′ surrounding Sgr A* and has a spatial resolution of ∼ 88 × 46 milliarcseconds (mas) (PA= −1.6
• ) and dynamic range ∼ 2.2 × 10 5 . Using the large 8 GHz band, the 1σ rms sensitivity is 7.8 µJy, which is a significant improvement over older observations which had only 100 MHz of bandwidth. L ′ -band (3.8 µm) data were taken with the Nasmyth Adaptive Optics System (NACO) at the Very Large Telescope (VLT; program 089.B-0503(B)) between June 26 and September 6, 2012 with the NACO L27 camera (pixel scale 27 mas pixel −1 ). A mosaic of about 50 ′′ × 50 ′′ size was constructed using five pointings with total exposure time ranging between ∼3000 and 5500s. The images were reduced with the speckle holography method, as described in detail in Schödel et al. (2010 Schödel et al. ( , 2013 .
We also present an SiO (5-4) spectrum derived from Atacama Large Millimeter Array (ALMA) observations carried out by the Science Verification team. Details of these observations are given in Yusef-Zadeh et al. (2013) .
Results

Figure 1a shows a 35
′′ × 23 ′′ region of ionized gas associated with the E and N arms of Sgr A West, the mini-spiral HII region at 34 GHz. This spectacular image reveals a variety of new compact and diffuse sources: radio counterparts to near-IR identified massive stars such as IRS 16NE (Yusef-Zadeh et al. 2014 ), a ridge of blob-like structures arising from Sgr A* extending toward the SW (Yusef-Zadeh et al. 2013 ), a spherical shell-like structure surrounding the M2 supergiant star IRS 7 (Serabyn et al. 1991) , radio emission from the dusty AGB star IRS 3 (Pott et al. 2005) or from an embedded WR star (Horribin et al. 2004) , the magnetar SGR J1745-29 (Kennea et al. 2013 ) and a large number of isolated and clustered compact HII regions.
We focus on the two concentrations of partially resolved sources denoted RC1 and RC2, which appear to be associated with the E arm of the mini-spiral HII region. Figure 1b shows the region in the E arm where 44 radio sources are detected. Figure 1c shows labeled sources P1-P44. The brightest sources, with peak flux densities ranging between 31 and 482 µJy, are mainly distributed in RC1 within a 8 ′′ × 5 ′′ region of the E arm, centered roughly 15.2 ′′ (0.61 pc) NE of Sgr A* at a position angle of 82±8
• . There are also weaker sources in RC2, P40-P44, with peak flux densities ranging between 34 to 53 µJy and centered ∼ 20 ′′ from Sgr A*. The 34 GHz integrated flux densities of these partially resolved compact sources range between 29 and 1340 µJy per 88×44 mas beam. We note that the E arm in Figure 1a consists of two elongated ionized structures running parallel to each other forming an elliptical looplike structure. The collection of radio sources are mainly found on the northern edge of the E arm. Table 1 gives the ID number of 44 detected radio sources (P1-P44) coordinates, offsets from Sgr A* in increasing angular distance, the total positional accuracy, peak and integrated fluxes at 34 GHz in Columns 1 to 7, respectively.
To illustrate the morphology of the newly resolved radio sources, Figure 2a shows the region of the highest concentration of proplyd candidates RC1. Almost all the sources have bow shock or elongated structures. Images of two candidates, P26 and P8 (Table 1) , are presented in Figure 2b ,c, respectively. Typical widths of bow-shock structures are ∼45 mas and the apices of the emission from the bow shocks are ∼100 mas corresponding to ∼800 AU. The bows point to within a few arcseconds of Sgr A* where young massive stars are concentrated. This morphology strongly suggests that the resolved sources are externally illuminated by the central cluster of massive stars. The diffuse emission from the southern edge of the E arm ( Fig. 1a) has a similar appearance suggesting that the massive stars are responsible for ionizing both the diffuse and compact sources in Sgr A West. The bow shock sources in the diffuse E arm are evaporating gaseous globule (EGG) candidates (see Fig. 1a ) after Hester et al. (1996) and are an order of magnitude larger than those in RC1 and RC2.
The newly detected radio sources in the Galactic center show similar morphologies to the proplyds found in star forming regions in the Galaxy. Radio continuum observations of M42 in Orion first detected free-free emission from resolved sources with electron densities of ∼ 10 6 cm −3 (Churchwell et al. 1987; Garay, Moran & Reid 1987) . HST observations of these sources, dubbed proplyds, showed cometary structures with bright heads pointing toward θ 1 Ori C (O'Dell & Wen 1994). We interpret the ionized gas in P1-P44 as arising from photoevaporated circumstellar disks that are photoionized by strong sources of UV radiation in the direction of Sgr A*. The nuclear wind from the cluster of massive stars within few arcseconds of Sgr A* could also contribute to the asymmetric shape of these proplyd candidates (Serabyn et al. 1991) . The EUV Lyman continuum ionization radiation from massive stars is estimated to be Φ ≈ 2.5 × 10 50 s −1 (Genzel, Hollenbach & Townes 1994) and for an assumed ∼ 1 pc distance from the source of ionization, the incident ionizing photon flux is Φ/(4π (1 pc) 2 ) ≈ 2 × 10 12 s −1 cm −2 . This is similar to that in Orion where the proplyds in M42 are located ∼ 4 × 10 17 cm from θ 1 Ori C with Φ ≈ 10 49 s −1 . Furthermore, the brightest sources in RC1 are closest to the central cluster and the typical peak flux density of radio sources in RC1 is stronger than that of RC2. This is consistent with the suggestion that both RC1 and RC2 are photoionized by the same stellar cluster near Sgr A* and that RC1 is physically closer to Sgr A* than RC2.
Assuming a spherical source with solid angle corresponding to a radius of 500 AU and electron density filling the sphere with volume filling factor of 1, the total mass of ionized gas M i and the electron density are estimated to be 2.5×10
−4 M ⊙ and 1.2 × 10 5 cm −3 , respectively. The electron density increases if we use a flattened geometry for the shape of ionized sources and a smaller volume filling factor. Assuming that the ionized gas expands at the sound speed (c s ≈ 10 km s −1 for T = 8 000 K), the mass-loss rates due to photoevaporation for sources with flux densities between 0.1 and 1 mJy are M i /(r/c s ) ≈ 10 −7 − 10 −6 M ⊙ yr −1 , respectively, where r is the radius of the disk. This must be replenished on the expansion time scale r/c s ≈ 240 yr, implying the existence of a reservoir of neutral material, most likely a disk associated with a low mass star. If the source with a mass loss rate 10 −6 M ⊙ yr −1 is 10 4 years old, then 1×10 −2 M ⊙ has been lost today, comparable to the disk masses around YSOs.
In principle, the source of material could be an isolated molecular globule but we can place improbable constraints on its mass M, as follows. First, the clump must be sufficiently bound by self gravity to avoid disruption by the tidal field of Sgr A*. At distance d from Sgr A*, this implies that its density exceeds the Roche density, i.e. n H > ∼ 10 8 (d/ pc) −3 cm −3 . Second, models of photoevaporative flows (e.g., Störzer & Hollenbach 1990) show that heating by FUV photons drives a neutral wind from the surface that reaches escape speed before being ionized by EUV photons at a somewhat larger radii. Thus the neutral material passes through a sonic point at some radius r < ∼ 500 AU. At this point the flow speed, sound speed, and escape velocity 2GM/r are all equal, so we can obtain an estimate for the total mass inside the sonic surface by noting that the sound speed in the warm atomic wind will be ∼ 3 km s −1 (corresponding to ∼ 1500 K), yielding M ≈ 0.5 r 100 M ⊙ , and mean density inside the sonic point < n H > ≈ 3 × 10 10 r −2 100 cm −3 , where r 100 = r/(100 AU) < ∼ 5. As such a dense and massive globule would collapse and form a YSO, it is therefore much more plausible that the reservoir of neutral material is instead a circumstellar disk, with M being dominated by the central star.
There is further evidence for current star formation activity in the E arm from ALMA observations which detected 11 unresolved sources of SiO (5-4) line emission within 0.5 pc of Sgr A* (Yusef-Zadeh et al. 2013). The SiO sources were interpreted as highly embedded protostellar outflows with typical mass of swept up molecular gas ∼ 0.2 M ⊙ . We searched for additional SiO emission from the data published earlier (Yusef-Zadeh et al. 2013 ) and found a weak SiO source 12 toward the cluster of proplyds. Figure 3a shows the positions of SiO (5-4) sources 4 and 5 (Yusef-Zadeh et al. (2013) and the new source 12, drawn as ellipses, superimposed on a grayscale continuum image st 34 GHz. Figure 3b shows the spectrum of the new SiO source 12 at (α, δ) = 17 h 45 m 41 s .36, −29
• 0 ′ 24 ′′ .57. A Gaussian fit to this spectrum gives peak flux density 13.69±1.81 mJy beam −1 corresponding to SiO luminosity ∼ 4 × 10 −6 L ⊙ . We note that the SiO (5-4) sources 4, 5 and 12 coincide with the concentration of proplyds candidates. The parameters of the fitted spectra of SiO (5-4) sources 4, 5 and 12 show central velocities ∼ 8, 14 and 36 km s −1 and total linewidths of ∼ 25, 18 and 54 km s −1 respectively. These characteristics are very similar to those found in low mass protostellar outflows found in the Galactic disk (Gibb et al. 2004; Yusef-Zadeh et al. 2013) . The presence of proplyd candidates in the vicinity of SiO (5-4) source is consistent with this interpretation, signifying that low mass star formation near Sgr A* has occurred within the last 10 4 − 10 5 years.
We also searched for near-IR counterparts to the radio sources and placed a 1σ upper limit of 8.6 µJy at 3.8 µm for most sources. This population differs from the recently reported 44 GHz sources (Yusef-Zadeh et al. 2014 ) and the near-IR identified bow-shock sources (Tanner et al. 2005; Sanchez-Bermudez et al. 2014 ) in that they do not have bright near-IR counterparts. We can not find near-IR stellar counterparts to radio sources listed in Table  1 with certainty because of the lack of stellar proper motion data and confusing sources in this region. Two exceptions are proplyd candidates P7 and P8 which appear to have weak 3.8 µm counterparts at a level of ∼ 20 µJy pixel −1 . The near-IR luminosity is estimated to be 4×10 −2 L ⊙ using 4 πd 2 × ν S ν where the flux density S ν ∼ 3σ from a pixel size of ∼ 200 AU (25 mas). Most of the energy from an embedded star and the disk emerges in the far-IR and millimeter parts of the spectrum. Future high resolution observations of these sources should provide better constraints on the luminosity of the proplyd candidates.
Discussion
We report the detection of 44 partially resolved radio continuum sources with typical sizes of ∼300-1000 AU. We interpret the newly detected cluster of radio sources as a population of proplyd-like objects, implying that low mass star formation is presently taking place in the Galactic center.
First, the radio sources display a bow-shock morphology facing the luminous stars located at the Galactic center. The second line of argument is the lack of luminous near-IR counterparts to radio sources is consistent with an embedded low mass star. Like other star forming regions in the Galaxy where proplyds are detected with tear-shaped geometry or a disk silhouetted against the background radiation, the emission from radio proplyds as well the shape and size of proplyds are consistent with being photoevaporated from a gaseous disk by the FUV radiation and then photoionized by the EUV Lyman continuum radiation from hot stars in the inner 0.4 pc of the Galaxy (Johnstone et al. 1998; Störzer and Hollenbach 1999) . In addition, there is a lack of correlation between the luminosity and velocity linewidths of SiO (5-4) line emission from the region where the cluster of proplyd-like objects (RC1) is detected. The relationship is consistent with that found in low mass star formation in the disk of the Galaxy.
Third the proplyd candidates lie at the edge of an elongated molecular cloud which provides a reservoir of gas that feeds star formation activity. The morphology of ionized gas in the E arm (Fig. 1a) suggests that an elongated molecular cloud with an extent of 20 ′′ × 5 ′′ lies within the inner pc of the Sgr A*. Proplyd candidates are likely produced from this cloud. Support for this suggestion comes from the presence of a radio dark cloud (RDC) associated with the E arm. The dark elongated feature in Fig. 1 is completely surrounded by the ionized gas associated with the E arm. A neutral gas cloud embedded within a bath of radiation field of the Galactic center suppresses radio continuum emission from the interior of the cloud but is edge brightened. The dark feature within the E arm is anti-correlated with H 2 emission detected at 2.12 µm (Fig. 5f of Yusef-Zadeh 2012). There is also the appearance of a small dark feature near RC2 but needs to be confirmed in future molecular line observations. The presence of radio dark clouds implies that there is a supply of dense gas where the proplyds candidates are detected, thus feeding star formation activity near Sgr A*. Figure 4 shows a schematic diagram of the radio cloud sandwiched between the ionized gas associated with the E arm and the cluster of proplyd-like objects (RC1) formed at the northern edge of the cloud. The large-scale bow-shock sources to the south of the E arm (Fig. 1a) could belong to the class of EGGs similar to sources seen in M16 (e.g., Hester et al. 1996) .
In order for gas clouds near Sgr A* to collapse and form stars, two conditions must be met. One is that self-gravity must overcome the strong tidal shear of Sgr A* such that the density of the gas n H has to be greater than 2 × 10 8 (d/1pc) −3 cm −3 . The other is that the cloud mass exceeds the Jeans mass M J = 1.5 (T /100K) 3/2 (n/10 8 cm
Assuming that the gas density is sufficiently high, this suggests that the low mass stars are preferentially formed within a few acrseconds of Sgr A* with the implication that the IMF may be bottom heavy. The young stars with 5 ′′ − 10 ′′ of Sgr A* are reported to have a top-heavy IMF (Bartko et al. 2010 , Lu et al. 2013 . If clumps with Jeans mass contract and sub-fragment, then a population of brown dwarfs are expected to lie close to Sgr A*. An additional implication of low mass star formation near Sgr A* is that proplyd-like objects in the FUV dominated region have lower mass-loss rates, perhaps could retain sufficient disk mass to allow potential planetary formation (Mann et al. 2014 ).
In conclusion, we presented new radio images of the Galactic center and showed 44 compact radio sources within the E arm. Radio sources with near-IR counterparts are thought to be massive young stellar objects (Yusef-Zadeh et al. 2014) whereas radio sources without any infrared counterparts are likely associated with proplyds around low mass stars. We also showed that star formation is taking place at the edge of an elongated neutral cloud, represented as a dark feature in a continuum image at 34 GHz as well as being traced by H 2 emission. The southern edge of the RDC traces the E arm of Sgr A West, photoionized by the strong radiation field of the Galactic center whereas the northern edge of the RDC signifies low mass star formation activity. Future mid-IR and millimeter observations should conclusively test whether proplyds lie close to Sgr A* and potentially measure the disk mass of Galactic center proplyd-like objects. Yusef-Zadeh, F. 2012, ApJ, 759, L11 This preprint was prepared with the AAS L A T E X macros v5.2. Figure 1a . Shaded region coincides with radio dark clouds where hashed lines trace the distribution of ionized gas associated with the E and N arms of Sgr A West. 
